We studied oscillations related to flare SOL2012-09-21T02:19 in the transition region and chromosphere based on Reuven Ramaty High Energy Solar Spectroscopic Imager (RHESSI) and Solar Dynamics Observatory (SDO) data, as well as data from the ground-based Horizontal Solar Telescope. We found that 2-minute oscillations triggered by the flare first appeared in the RHESSI channels then subsequently showed up in the SDO 171Å and 304Å channels and after that in the chromospheric He i 10830Å line. The delay of the chromospheric signal compared to the RHESSI signal is 7 minutes, which indicates that the wave perturbation propagated from the corona to the chromosphere. We used the sharp increase in 3-and 5-minute oscillations during the flare in the lower atmosphere to trace the propagation of the oscillation trains to the transition region and corona. The results show that the 171Å channel signals lagged behind the photospheric and chromospheric signals by 200 s on average. We suggest that we observed slow magnetoacoustic waves both in the case of 2-minute oscillations propagating downwards from the corona and in the case of 3-and 5-minute oscillations leaking to the corona from beneath.
INTRODUCTION
In the recent decades, quasi-periodic pulsations (QPPs) in solar flares became the subject for many studies of different ranges in the electromagnetic spectrum (Aschwanden 1987; Grechnev, White, and Kundu 2003; Kislyakov et al. 2006; Sych et al. 2009; Nakariakov and Melnikov 2009; Kupriyanova et al. 2010; Nakariakov et al. 2016; Inglis et al. 2016; Kupriyanova et al. 2019) . Pugh et al. (2017) ; Dominique et al. (2018) showed the difficulties in revealing QPPs and proposed algorithms to improve their identification in flare time series. McLaughlin et al. (2018) discussed the problems of QPP modelling.
In the preceding article , hereafter Article I, we analysed the influence of the small-scale flare on the oscillations in the lower atmosphere of a facula. We showed that small flare SOL2012-09-21T02:19 that we identified as a negative flare due to a sharp increase in the He i 10830Å line absorption caused a deep modulation of the oscillation regime from the photosphere to the upper chromosphere. This impact was registered in the magnetic field strength, Doppler velocity, intensity, and line profile half-widths. This influence notably differed (up to the modulation sign) in different parts of the facula region.
The question of how the flare influenced the oscillation characteristics in the upper solar atmosphere was left out of the subject matter in Article I.
The aim of this article is to study the transition region and coronal oscillations related to the flare as well as to try to detect wave disturbances propagating both from the corona to the chromosphere and in the reverse direction. Note that our measurement capabilities drastically decrease compared to the lower atmospheric layers. In the transition region and corona, we can detect the oscillation and wave processes mostly based on the intensity variations in the Atmospheric Imaging Assembly (AIA) signals.
INSTRUMENT AND METHODS
To study flare SOL2012-09-21T02:19, we used the data from the Horizontal Solar Telescope (HST, Kobanov 2001; at the Sayan Solar Observatory, the Solar Dynamics Observatory (SDO, Pesnell, Thompson, and Chamberlin 2012) , and the Reuven Ramaty High Energy Solar Spectroscopic Imager (RHESSI, Lin et al. 2002) .
The spectral observations of the Si i 10827Å and He i 10830Å lines were carried out with the HST. The telescope is built at the height of 2000 m above sea level. It is equipped with a 900-mm main mirror. The focal length of the mirror is 20 m. A photoelectric guiding system stably positions an observed object with an accuracy of under 1 . The 6-meter spectrograph allows to measure line-of-sight (LOS) velocity, intensities, line-widths, and magnetic fields at a wide variety of spectral lines in the visible and infrared ranges . The spectrograph is equipped with two mirror systems, which allows to record the spectral line characteristics in two different parts of the spectrum. The slit of the spectrograph comprises 65 on the solar surface. The spectral resolution is 10 mÅ per pixel on average. The time cadence of the series is 1.5 seconds. The description of the telescope equipment and measurement methods can be found in articles Kobanov (1990 Kobanov ( , 2001 .
The Atmospheric Imaging Assembly (AIA, Lemen et al. 2012 ) on board SDO continuously provides fulldisk images in EUV channels with a 12-second cadence and UV channels with a 24-second cadence. The pixel size of the AIA images corresponds to 0.6 . We also used the X-ray flux recorded by the RHESSI.
The HST LOS velocity signals were restored using the lambdameter technique (Rayrole 1967; Kobanov, Chelpanov, and Pulyaev 2018) . The accuracy of the LOS velocity signal is 20 m s −1 . The line intensities were normalized to the adjacent continuum intensities in order to compensate for the atmospheric weather condition changes. We applied the Fast Fourier Transform Interactive Data Language (IDL) algorithm to analyse the oscillation spectra of the signals. In order to avoid edge artifacts, we used the bell-shaped window function to 0.1 series length at each end of the signals. The signals were filtered in the given frequency ranges using the Morlet wavelet of the sixth order. To corroborate the presence of the 2-minute variations in the signals, we used the Empirical Mode Decomposition (EMD) technique (Kolotkov, Anfinogentov, and Nakariakov 2016) .
RESULTS
We analysed oscillations in the transition region and corona directly above the negative flare location. To do this, we use the SDO/AIA 304Å, 171Å channels along with the RHESSI 3-6 keV and 6-12 keV channels-the two channels, whose intensity increased during the flare. The AIA channel signals were averaged over a 3 by 3 area in order to minimize possible projection effects.
Propagation of the Flare-Related QPPs from the Corona to the Chromosphere
QPPs with a period close to two minutes were registered simultaneously in the 3-6 keV and 6-12 keV RHESSI channels, which supports the solar origin of these pulsations (Figure 1 ). The two-minute period also increases during the flare in the wavelet-filtred series and in the EMD mode, whose period is close to 2 minutes.
Note that oscillations with the 3-and 5-minute periods are more typical of the underlying photosphere and chromosphere, and the 2-minute period is observed rarely, if at all, in faculae. In such circumstances, the presence of the oscillations with a 2-minute period in the lower layers can confidently indicate that the oscillations triggered by the flare propagate from the corona to the chromosphere.
The AIA 171Å and 304Å channel signals, as well as the He i 10830Å spectral data support the fact that 2-minute oscillations propagate downwards from the corona to the lower layers. Figure 2 clearly shows that the signals of the lower levels lag behind those of the upper ones. The centers of the wave trains gradually shifts from 02:15 in the RHESSI signal to 02:22 in the He i 10830Å line signal. The wave train in the 171Å channel follows 180±20 s after the wave train in the RHESSI data, and 180±25 s after that it appears in the 304Å channel. The center of the main wave train in the He i 10830Å line lags 60±15 s behind that of the 304Å channel.
The signals that we measure at different levels are averaged over 3 by 3 areas, whose centers are aligned perpendicular to the solar surface. In order to examine whether the signal diverted from the vertical propagation at the 304Å level, we measured the signals in four similar areas displaced in different direction by 3.6 from the original location. The amplitude of the signals in these areas was 4-5 times lower. In our opinion, this indicates that we measured the signals in the main propagation channel of the studied waves. Thus, at the transition region-chromosphere-photosphere height range this channel is close to vertical.
In addition, earlier in the analysis of this flare, Chelpanov and showed that the velocity of the perturbation propagation was 70 km s −1 in the image plane at the 171Å level.
Penetration of the Photospheric 5-minute and
Chromospheric 3-minute Oscillations to the Corona
As Article I showed, the amplitudes of 3-and 5-minute chromospheric oscillations drastically increased during the flare. The signals look as increased amplitude oscil-lation trains, which appeared simultaneously with the flare. Such a train structure of the signals serves as a useful means to study propagating oscillations in the solar atmosphere. Note that in the absence of flare perturbations, intrinsic oscillations of these periods, though with lower amplitudes, may occur continuously in both active and quiet regions. In this case, however, estimates of the phase relations in the propagating signals show more ambiguity. While the direct phase lag measurements can be straightforwardly carried out at the lower levels, this poses difficulties in the transition region and corona (Krishna Prasad, Jess, and Khomenko 2015; Zhao et al. 2016) . Krishna Prasad, Jess, and Khomenko (2015) demonstrated a signal amplitude modulation, which helped them trace the propagation of p-modes from the photosphere to the corona in a form of slow magnetoacoustic waves. Figure 3b shows 5-minute oscillations in the LOS velocity signals of the Si i 10827Å (temperature minimum) and He i 10830Å (upper chromosphere) lines. The chromospheric oscillation train follows the photospheric one 60 s later on average. As seen in Figure 3b , the phase difference notably decreases by the end of the oscillation train. This might be due to the change in the oscillation regime from the running acoustic waves to standing waves in the upper photosphere. Figure 2b in Article I supports this explanation: the phase shift between the intensity and LOS velocity oscillations of the Si i 10827Å line changes from 180
• to 90
• by the end of the flare. The oscillation train of the AIA 304Å channel (Figure 3a ) almost coincides with that of the He i line in panel b. In turn, 5-minute oscillations in the 171Å channel lag behind those in the 304Å by approximately 100 s. These time relations indicate that 5-minute oscillations propagated from the facular photosphere through the chromosphere and transition region to the lower corona.
The 3-minute oscillation trains in the 304Å and 171Å channels lag behind the chromospheric oscillations in the He i line by 120±20 and 200±28 s, respectively (Figure 4) . As in the case of 5-minute oscillations, this clearly indicates that 3-minute oscillations propagate from the chromosphere to the corona.
In this article, we chose not to measure the propagation speeds of the observed wave disturbances in the corona for the following reasons: first, the height scale of the SDO/AIA channels is difficult to define in flaring regions; second, the real propagation trajectory of different oscillation modes differ and may notably diverge from the vertical direction. We, however, do it for the height interval between the temperature minimum (Si i 10827Å) and upper chromosphere (He i 10830Å). According to Bard and Carlsson (2008) ; Leenaarts, Carls- son, and Rouppe van der Voort (2012), the difference in the formation heights of these two lines may reach 800-900 km. Thus, based on the direct measurement of the signal phase delay, we can determine its propagation speed . The time lag between the signals is 60 s on average, which yields the propagation speed of the 5-minute oscillations to be 13-15 km s −1 .
QPPs with a 2-minute period are observed rarely compared to those with sub-minute periods. Kuznetsov et al. (2016) concluded that such QPPs are closely related to eruptive events. Liu et al. (2011) in their analysis of the AIA 171Å intensity variations in a C3-class flare revealed waves with the dominant period of 181 s propagating along the coronal loop funnel. The measured phase velocity of these waves reached 2000 km s −1 . The authors identified them as the fast magnetoacoustic waves. Earlier, Terekhov et al. (2002) found a period of 143.2 s in a 8-20 keV light curve of a flare. Before that, an idea that Alfvén waves transport the flare energy from the corona to the lower solar atmosphere was proposed by Emslie and Sturrock (1982) and later developed by Fletcher and Hudson (2008) . In this theory, the preference was given to torsional Alfvén waves. This is hardly applicable in our case, since torsional Alfvén waves are not accompanied by intensity oscillations in the He i 10830Å chromospheric line shown in Figure 2d . Yuan et al. (2013) observed 'quasi-periodic propagating fast magneto-acoustic wave trains (QPF)' 100 Mm away from the C2-class flare site. QPF period was under 1 min, and the propagation speed was 700-800 km s −1 . Ning (2014) found a 2-minute period in a B8.1-class flare. The wave perturbation propagated along the flare loop at a speed of 130 km s −1 , which is close to the local sound speed. Nisticò, Pascoe, and Nakariakov (2014) observed wave trains caused by a powerful flare. The measured period was close to 1 min, and the propagation velocity exceeded 1000 km s −1 . Zhang et al. (2015) showed that fast and slow magnetoacoustic waves can propagate by the same trajectories. They measured the period and velocity of the fast waves to be 2 min and 900 km s −1 , and those of the slow waves to be 3 min and 100 km s −1 . The authors, however, note that, as opposed to the fast wave trains, the slow waves most likely result from the chromosphere leakage rather than from the flare disturbance. Brosius and Inglis (2018) found periods around 2 minutes in the LOS velocity and intensity variations in a flare ribbon during chromospheric evaporation. Milligan et al. (2017) observed two main periods of 120 and 180 minutes in an X-class flare, and these 2-minute oscillations were registered both in the hard X-ray and the chromospheric EUV radiation. The authors state that this is due to the chromospheric response to accelerated particles. The delays between the X-ray oscillations and the oscillations in different AIA channels were not estimated in this article.
The 2-minute oscillations that we observed were most likely generated by the small flare. Their spatial and temporal concurrence indirectly supports this suggestion.
Having analysed the characteristics of these oscillations we believe that thay can be related to slow magnetoacoustic waves.
The problem of the oscillation propagation from the chromosphere to the corona and in the reverse direction has existed for a long time. In the last decades, with the advent of the space telescope data it has prompted more interest. Nevertheless, due to the complexity of the problem, the conclusions of the early studies contain notable discrepancies. For example, De Moortel et al. (2002) found that oscillations with a period of 321±74 s are observed above faculae in the Transition Region and Coronal Explorer (TRACE) 171Å channel intensity. They suggested that this results from photospheric oscillations propagating through the transition region to the corona. With this, the authors found no evidence for the downward propagation. In the analysis of similar TRACE 171Å data, De Pontieu, Erdélyi, and de Wijn (2003) concluded that 5-minute oscillations in the upper transition region do not result from a direct leakage of the p-mode from the photosphere through the chromosphere. The authors believe that these oscillations are connected non-linearly. Centeno, Collados, and Trujillo Bueno (2006); Khomenko et al. (2008) provided observational evidence that 5-minute oscillations propagate from the photosphere to the chromosphere in the vertical magnetic tubes of faculae. The authors state that the cut-off frequency may significantly decrease due to radiative losses. However, de Wijn, McIntosh, and De Pontieu (2009) based on the high-resolution Hinode data, found that 3-minute oscillations propagate upwards in vertical magnetic tubes of faculae, while propagating 5-minute oscillations were observed only at facular peripheries in inclined magnetic fields. Chelpanov, Kobanov, and Kolobov (2015) showed that in the AIA 304Å channel intensity, the main oscillation power is distributed in the 3-6 mHz range above facular magnetic knots and in the 1.5-3 mHz above facular peripheries. They found oscillations at a frequency of 5 mHz in the magnetic field strength signals in magnetic knots.
We suggest that, given such large time lags between the signals and the other characteristics, we observed slow magnetoacoustic waves (Zimovets and Struminsky 2009; Nakariakov and Zimovets 2011) . This refers to both 2-minute oscillations propagating downwards from the corona and 5-with 3-minute oscillations leaking from the photosphere and chromosphere to the lower corona (the 171Å channel).
In the analysis of flare SOL2012-09-21T02:19, we found QPPs with a 2-minute period in the 3-6 and 6-12 keV RHESSI channels. Similar variations were found in the SDO/AIA EUV channels and in the spectral data of the ground-based telescope in the He i 10830Å line. These variations have a form of an oscillation train with increased amplitudes that lasted for 3-4 periods. The centers of the oscillation trains gradually shifted from 02:15 UT in the RHESSI channels to 02:22 UT in the He i 10830Å line. The authors suggest that such a delay unambiguously indicates the propagation of the flaretriggered wave disturbance with a period of 2 minutes from the corona to the chromosphere.
We measured the 3-and 5-minute oscillation delays in their propagation from the photosphere and chromosphere to the transition region and corona. The 5-minute oscillation signal of the He i 10830Å line lags 60 s on average behind the Si i 10827Å line signal, while the AIA 304Å and 171Å signals lag 100 s and 200 s, respectively. Three-minute oscillations in the 304Å and 171Å channels lag 120 s and 200 s behind the chromospheric signals.
We suggest that the combination of the oscillation characteristics applies to the slow magnetoacoustic wave mode in a greater degree than to other modes.
The results show that the oscillation train structure of the signals resulting from an abrupt increase of the oscillation amplitudes in the lower atmosphere caused by a small-scale flare ) may serve as a useful means in studies of the wave propagation processes in the transition region and corona.
